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INTRODUCTION
Drosophila phototransduction represents one of the fastest known G proteincoupled signaling cascades. Exposure of the photoreceptor cells to light leads to activation of the light-induced cation influx channels, transient receptor potential (TRP) and transient receptor potential-like (TRPL), within 20 ms . The deactivation of the cascade is also rapid and is completed in less than 100 ms of cessation of the light stimulus (Hardie 1991 . The speed of this signaling cascade raises questions concerning the mechanisms by which Drosophila visual transduction, phototransduction, is activated and regulated. Until recently, it had been assumed that Drosophila phototransduction, as well as many other G protein-coupled signaling cascades, occurs through random stochastic collisions between activated signaling proteins and downstream effectors. However, such a mechanism would potentially limit the rapid kinetics underlying Drosophila phototransduction. 1 To characterize the molecular mechanisms regulating Drosophila visual transduction, Pak and coworkers conducted an elegant genetic screen, ∼20 years ago, for mutations disrupting phototransduction (reviewed in Pak 1979 Pak , 1995 . Through this and other genetic and molecular approaches, many of the loci critical for phototransduction have been isolated and the corresponding genes have been cloned. Recent studies have provided evidence that many of the components functioning in Drosophila phototransduction form a supramolecular signaling complex, signalplex, consisting of a minimum of seven signaling proteins bound to a scaffold protein referred to as INAD. These include rhodopsin, phospholipase C-β (PLC), protein kinase C (PKC), calmodulin, the myosin III NINAC, and two lightsensitive ion channels, TRP and TRPL. The discovery of the signalplex has led to a re-evaluation of the mechanisms underlying the Drosophila photoresponse.
Genetic Approaches to Drosophila Vision
During the past few years, considerable progress has been made toward describing the molecular mechanisms underlying Drosophila phototransduction. Much of this success can be attributed to the application of genetic approaches to fly vision. Some of the mutations affecting the photoresponse were identified using behavioral assays to screen mutagenized flies for defects in phototaxis or in the response to certain visual cues (e.g. Benzer 1967 , Heisenberg 1971a . However, the principal strategy through which mutations affecting phototransduction have been identified employed a simple extracellular recording, the electroretinogram recording (ERG), which measures the summed light-responses of all the cells in the retina (reviewed in Pak 1979) . The primary feature of the ERG, the lightcoincident receptor potential (LCRP), reflects activity in the photoreceptor cells ( Figure 2A ). The transient spikes induced by the initiation and cessation of the light stimulus result from activity post-synaptic to the photoreceptor cells (Heisenberg 1971b) . Many mutations affecting the LCRP and the transients have been identified (Koenig & Merriam 1977 , Pak 1979 
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LCRP are considered in this review. Examples of mutants that display profound alterations in the LCRP include norpA (no-receptor-potential A) (Hotta & Benzer 1970 , Pak et al 1970 , Heisenberg 1971a and trp (transient receptor potential) ( Figure 2A ) (Cosens & Manning 1969) .
A particularly productive screen for loci critical in Drosophila visual transduction relied on the observation that it is possible (under certain conditions) to maintain the light receptor, rhodopsin, in the activated state (metarhodopsin) after cessation of the light stimulus. Exposure of the major Drosophila rhodopsin to a pulse of blue (480 nm) light results in the production of metarhodopsin with a halflife of almost 6 h in the dark (Kiselev & Subramaniam 1994) . As a consequence, upon cessation of the 480 nm light, a prolonged depolarization afterpotential (PDA) is produced ( Figure 2B ). The PDA can be terminated upon exposure to a pulse of orange (580 nm) light. Normally, a PDA is not generated in wild-type flies because ambient white-light includes orange light. Moreover, a PDA is typically induced in white-eyed flies because the red-screening pigment in wild-type flies filters out a significant proportion of the blue light. Nevertheless, an extensive screen for mutations that decrease or eliminate the PDA led to the identification of many loci critical for the visual response. Five PDA-defective mutants, known as neither-inactivation or afterpotential A-E (ninaA-E), are characterized by large decreases in the concentration of the major rhodopsin, Rh1 ( Figure 2B ; Stephenson et al 1983) .
Mutation of nearly any gene that disrupts Drosophila phototransduction results in progressive atrophy of the photoreceptor cells (Pak 1994) . This agedependent process, which is referred to as retinal degeneration, is in most cases light dependent. Several of the key components in Drosophila phototransduction were originally identified in morphological screens for mutations that exhibit agedependent retinal degeneration (Hotta & Benzer 1970 , Steele & O'Tousa 1990 . R8 cell) or no shading (R1-6 cells). Sections through the distal (upper) and proximal (lower) regions of the ommatidium are shown to the right. The rhabdomeres in these sections are indicated by the black circles. The R7 rhabdomere is stacked directly above the R8 rhabdomere in the center of the ommatidium. As the R7 and R8 cells are restricted to the distal and proximal regions of the ommatidium, respectively, only seven of the eight R cells are present in any plane of section. (C) Topology of the visual system indicated in a section through an adult fly head. The following tissues are indicated: br, brain; fb, fat bodies; la, lamina; lo, lobular; lp, lobula plate; me, medulla; re, retina.
? Figure 2 Electroretinogram recordings (ERGs) generated using wild-type and mutant flies. (A) Light-coincident receptor potentials (LCRPs). Wild-type, norpA, and trp flies were dark-adapted for 2 min and exposed to a 5 s pulse of bright white. The initiation and cessation of the light stimuli are indicated by the event marker and a 5 mV scale is included to the right. (B) PDA is detected in wild-type but not nina mutant flies. Wildtype and nina mutant flies (ninaD P245 ) were exposed to consecutive pulses of intense blue (B; 480 nm) and orange (O; 580 nm) light. The flies analyzed contained white rather than red eyes to remove sceening pigment. The black and white boxes indicate the initiation and cessation of the blue and orange stimuli, respectively. The stimulus duration was 4 s and the calibration pulse before each response was 5 mV. The PDA results from stable formation of the light-activated form of rhodopsin (metarhodopsin) upon exposure of the major rhodopsin (Rh1) to blue light. Upon cessation of the light stimulus, Rh1 remains in the activate state until the metarhodopsin is exposed to orange light. The PDA is reduced or eliminated in mutants (ninaA-E) that express reduced levels of rhodopsin. The reduction of the PDA results from an increase in the ratio of arrestin (a protein required for deactivation of rhodopsin) to rhodopsin. The basis of the PDA is described in greater detail in the text. (Part B was adapted with permission by the Cambridge University Press from Stephenson et al 1983.) The behavioral, electrophysiological, and morphological screens described above led to the identification of more than 40 loci that function in phototransduction (see Table 1 for those loci described in this review). Several of these genes were subsequently shown to encode classes of signaling proteins, such as the TRP cation influx channel (reviewed in Montell 1997) , that were not previously described. However, the genetic screens were not performed to saturation, and mutations in a number of proteins predicted to function in Drosophila visual transduction, such as arrestin and an eye-enriched Gα subunit, were not identified. To isolate mutations in such loci, a reverse genetic approach was developed in which a large series of Western blots were screened to identify protein nulls (Dolph et al 1993) . The rationale for this latter approach is that it avoids the potential problem of overlooking mutants with subtle or difficult to predict phenotypes. Null mutations in a locus, trpl, encoding a cation influx channel related to TRP were identified using this approach (Niemeyer et al 1996) . While trpl mutants do not display a phenotype that is easily discernable, and trp flies show a transient response to light, trpl;trp double mutants are completely blind (Niemeyer et al 1996 .
A model of Drosophila phototransduction has emerged through detailed analyses of the vast collection of visual transduction mutants in combination with a battery of approaches, not least of which is electrophysiology. The techniques for performing ERGs and intracellular recordings have been available in Drosophila for a long time and have proven to be invaluable. However, an important technical leap occurred several years ago with the development of a preparation for performing whole-and single-channel recordings on Drosophila photoreceptors (Hardie 1991 .
Overview of Phototransduction
Drosophila and vertebrate phototransduction have some notable similarities and differences. Both Drosophila and vertebrate visual transduction are initiated by ? the light-induced isomerization of the photopigment rhodopsin and subsequent interaction with a heterotrimeric GTP-binding protein (G protein). In vertebrates, the effector for the G protein (transducin) is a phosphodiesterase, which hydrolyzes 3 -5 cyclic guanosine monophosphate (cGMP) to 5 GMP ( Figure 3A ) (reviewed in Palczewski & Saari 1997) . Approximately 3% of the light-dependent ion channels, the cGMP-gated ion channels, are open in the dark (Yau & Baylor 1989) . The consequence of activating the cGMP-PDE is a closure of some or all of the cGMPgated ion channels and hyperpolarization of the photoreceptor cells by reduction or termination of the Na + and Ca 2+ influx. In contrast to vertebrate phototransduction, the Drosophila visual cascade utilizes the inositol phospholipid signaling system. The effector for the Drosophila heterotrimeric G protein (Gq) is a PLC, which catalyzes the conversion of ? VISUAL TRANSDUCTION IN DROSOPHILA phosphatidylinositol-4,5-bisphosphate (PIP 2 ) to inositol-1,3,5-trisphosphate (IP 3 ) and diacylglycerol (DAG) ( Figure 3B ) (Devary et al 1987 , Bloomquist et al 1988 , Lee et al 1994 , Scott et al 1995 . Activation of the PLC leads to Na + and Ca 2+ influx as a result of opening of the cation influx channels (Hardie 1991 , Hardie & Minke 1992 . However, the precise mechanism by which stimulation of PLC activates the light-dependent channels remains controversial and is reviewed below. Furthermore, there are indications that cGMP may also contribute to regulating the light-regulated cation influx (reviewed in O'Day et al 1997) .
Although the end result of Drosophila and vertebrate phototransduction results in opposite effects on the ion channels, opening versus closing, both types of cascades share several salient features. These include sensitivity over a vast range of light intensities, high speed and temporal resolution, and enormous signal amplification. Exposure of either Drosophila or vertebrate photoreceptor cells to a single photon of light results in the activation of hundreds of ion channels (Baylor et al 1979 , Hardie & Minke 1994 .
RHODOPSINS
Expression of Multiple Cell-Type Specific Rhodopsins
Rhodopsin consists of two components: a protein moiety containing seven transmembrane segments (opsin), and a chromophore, typically 11-cis-retinal, which is covalently attached to a lysine residue in the seventh transmembrane domain The cascade is initiated by the light-induced conversion of rhodopsin to metarhodopsin and interaction with the heterotrimeric G protein, transducin, which consists of a Gα subunit and βγ dimer. The active form of the Gα (Gα-GTP) stimulates a phosphodiesterase (PDE), which hydrolyzes cGMP into 5 GMP. The light-induced reduction in cGMP levels results in closure of the cGMP-gated ion channels and hyperpolarization resulting from a decrease in the Na + and Ca 2+ influx. The cGMP-gated channels bind the Ca 2+ regulatory protein calmodulin (CaM). The cytoplasmic (in) and extracellular (out) sides of the plasma membrane are indicated. (B) Drosophila phototransduction. The light-activated metarhodopsin interacts with a heterotrimeric G protein (Gq), which leads to activation of a phospholipase C-β (PLC) and production of IP 3 and DAG due to hydrolysis of the lipid, PIP 2 . According to one model, the cation channels TRP and TRPL are activated through a store-operated mechanism involving binding of IP 3 to the IP 3 -receptor, situated in the intracellular Ca 2+ stores, and subsequent release of Ca 2+ . The mechanism whereby Ca 2+ release is coupled to activation of TRP and TRPL has not been resolved. According to an opposing model TRP and TRPL are not activated through an IP 3 -dependent mechanism but through the production of a polyunsaturated fatty acid (PUFA) metabolite of DAG. The question marks indicate the uncertainties in these two mechanisms.
?
( Figure 4A ) (reviewed in Palczewski & Saari 1997) . Exposure to light results in conversion of the 11-12 double bond in the chromophore (3-hydroxy-11 cis retinal in Drosophila) (Vogt & Kirschfeld 1984 , Tanimura et al 1986 from the cis to trans configuration. This cis-trans isomerization, which represents the only step in phototransduction that is directly regulated by light, in turn causes an ensuing conformational change in the opsin moiety. Different rhodopsins display distinct absorption maxima, and these differences are thought to be determined by interactions between the residues in the transmembrane segments and the chromophore (e.g. Sakmar et al 1989 , Zhukovsky & Oprian 1989 , Merbs & Nathans 1992 .
Spectral and in vivo epifluorescence analyses of photoreceptor cells in Drosophila and in the larger flies, Musca and Calliphora, indicate that there exist multiple photopigments (Hardie 1983 (Ostroy et al 1974) , whereas the R7 cells, which respond to light maximally in the ultraviolet portion of the spectrum, consist principally of two distinct subpopulations. The two groups of R7 cells, which appear yellow (7y) or pale (7p) in transmitted light, seem to be randomly distributed, although ∼70% of the R7 cells belong to the 7y class (Kirschfeld et al 1978 , Franceschini et al 1981 . The R8 cells also contain two major groups of cells, 8y and 8p, which contain photopigments with absorption maxima different from those in the R1-6 and R7 cells (reviewed in Hardie 1983) . Interestingly, the different classes of R7 and R8 cells are paired, resulting in a random distribution of 7y/8y and 7p/8p central photoreceptor cells (Franceschini et al 1981) .
The above analyses performed ∼20 years ago predicted the existence of five rhodopsins expressed in separate populations of photoreceptors: one in the R1-6 cells, two in nonoverlapping sets of R7, and an additional two in different populations of R8 cells. Moreover, the classical studies in the larger flies also predicted the coordinate expression of the rhodopsins in the 7y/8y and 7p/8p cells. Each of these predictions have now been realized through the molecular identification of a family of five opsin genes expressed in the compound eye (Table 2 ). An additional opsin, Rh2 (Cowman et al 1986) , is expressed specifically in three small visual organs, ocelli, located on the vertex of the fly head (Pollock & Benzer 1988) . Each of the six opsins is expressed in a different cell type, and no photoreceptor cell expresses more than a single opsin. The major opsin, Rh1, is encoded by the ninaE locus and is expressed in R1-6 , O'Tousa et al 1985 , Zuker et al 1985 , De Couet & Tanimura 1987 . Two R7 cell-specific opsins, Rh3 and Rh4 (Fryxell & Meyerowitz 1987 , are expressed in 30 and 70% of the R7 cells, respectively , Fortini & Rubin 1990 , Feiler et al 1992 . These groups of R7 cells appear to correspond to the previously described 7p and 7y cell types. The final two opsin genes, Rh5 (Chou et al 1996 , Papatsenko et al 1997 and Rh6 (Huber et al 1997) , are expressed in nonoverlapping sets of R8 cells and appear to correspond to the 8p and 8y cell types, respectively (Chou et al 1999) . An exciting discovery is that the two R7 opsins are coordinately expressed with specific R8 opsins. Each Rh3-positive R7 cell is paired in the same ommatidium with an Rh5-expressing R8 cell (Chou et al 1996 , Papatsenko et al 1997 . Furthermore, every Rh4-expressing R7 cell is situated directly above an Rh6-expressing cell (Chou et al 1999) . Physiological analyses in the larger flies suggest that the linked expression of different pairs of R7 and R8 opsins may contribute to spectral tuning as a consequence of a screening pigment present in Rh4-but not Rh3-expressing R7 cells, which filter the light before it reaches the R8 cells (Kirschfeld et al 1978 , Hardie 1979 ).
An intriguing question concerns the mechanism underlying the coordinated expression of the R7 and R8 opsins. In mutant flies missing R7 cells, expression of Rh5 disappears (Chou et al 1996 , Papatsenko et al 1997 and the numbers of Rh6-positive R8 cells increases (Chou et al 1999) . These data indicate that expression of Rh5 in R8 cells requires an inductive signal from the overlying Rh3-expressing R7 and that expression of Rh6 in the R8 cells is the default state. A converse question is whether expression of the R7-specific opsins is dependent on an inductive signal from the R8 cells. This issue is difficult to address because R8 is typically the founding photoreceptor cell during retinal development. However, this problem was circumvented through ectopic expression of seven-up (which eliminates the central photoreceptor cells; Hiromi et al 1993) in combination with activated Ras Val12 (which restores one or more R7 cells in some ommatidia) (Fortini et al 1992) . In those ommatidia containing R7 but not R8 cells, either Rh3 or Rh4 could be expressed, indicating that R8 is not required for induction of the R7-specific opsins (Chou et al 1999) .
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The absorption maxima of each of the Drosophila rhodopsins is distinct. The major rhodopsin (Rh1), which is expressed in the R1-6 cells, is a blue-photopigment with an absorption maxima at 480 nm (Ostroy et al 1974) . Analyses of the spectral sensitivities of the minor rhodopsins, Rh2-6, have been aided by generating transgenic flies that ectopically express the individual minor opsin genes in the R1-6 cells of mutant flies, ninaE, that do not express Rh1. Microspectrophotometric assays using these transgenic flies have revealed that Rh2 is a violet pigment (Zuker et al 1988) , both R7 rhodopsins, Rh3 and Rh4, are UV photopigments with different absorption maxima (345 and 375 nm, respectively) (Feiler et al 1992) , and the R8 rhodopsins, Rh5 and Rh6, are blue-and green-sensitive photopigments (absorption maxima are ∼440 and ∼520 nm, respectively; S Britt, personal communication).
Stabilization and Deactivation of Metarhodopsin
Deactivation of vertebrate metarhodopsin has been extensively analyzed and shown to involve phosphorylation and binding of a ∼48 kDa protein referred to as arrestin. The association of arrestin with the phosphorylated rhodopsin contributes to termination of the photoresponse by interfering with the receptor/transducin interaction. Following arrestin binding, the opsin and 11-cis retinal dissociate and rhodopsin is regenerated through a multistep process involving release of arrestin, dephosphorylation, and association of a newly synthesized chromophore to the opsin moiety.
The rhodopsin cycle is less well characterized in invertebrates; however, a major difference is that, following exposure to light, the chromophore in Drosophila photoreceptor cells does not dissociate from the opsin (reviewed in Hardie 1983). As described above, Drosophila metarhodopsin requires absorption of a second photon of light to regenerate rhodopsin. Although the opsin and chromophore do not dissociate in vivo, they readily separate in vitro if the metarhodopsin is generated by directing blue light on washed membranes (Kiselev & Subramaniam 1994) . However, the metarhodopsin is stable if it is generated in total head homogenates that have not been washed (Kiselev & Subramaniam 1997) . These data indicate that the stability of the metarhodopsin is not an intrinsic property of the visual pigment but requires interaction with another component that is removed in the washed membranes. One component that contributes significantly to the stabilization of metarhodopsin in vitro is arrestin (Kiselev & Subramaniam 1997) .
In support of the wealth of in vitro data demonstrating a role for arrestin in termination of the vertebrate photoresponse are genetic analyses of arrestin mutants in Drosophila. Two photoreceptor cell-specific arrestin isoforms are present in Drosophila, arrestin I and II (Arr1 and Arr2), which make up approximately 15 and 85% of the total arrestin, respectively (Hyde et al 1990 , Smith et al 1990 , Yamada et al 1990 , LeVine III et al 1991 . Elimination of Arr2, the major arrestin in photoreceptor cells, significantly decreases the rate of deactivation (Dolph et al 1993) . Deactivation is even more severely affected in arr1;arr2 double mutants, ? although there is no discernible delay in deactivation in arr1 mutant flies (Dolph et al 1993) . The lack of phenotype in arr1 may simply reflect the relatively minor contribution of this isoform to the total arrestin pool.
Characterization of arr2 flies has provided a key insight into the mechanism that gives rise to the PDA. In wild-type photoreceptor cells, >20% of the rhodopsin must be converted to metarhodopsin to generate a PDA (reviewed in Pak 1995) . Since arrestin may interact stoichiometrically with metarhodopsin, the PDA might result from an excess of metarhodopsin relative to arrestin. In fact, mutants such as ninaA (which disrupts a cyclophilin homolog required for transport of rhodopsin through the secretory pathway) (Schneuwly et al 1989 , Shieh et al 1989 , Colley et al 1991 , which express <20% of wild-type rhodopsin levels, do not display a PDA (Larrivee et al 1981) , presumably due to an excess of arrestin. Conversely, a PDA can be produced in arr2 with only 10% of the light intensity necessary to elicit this response in wild-type (Dolph et al 1993) . The arr1; arr2 phenotype is even more dramatic as only ∼1% of the usual intensity of light is required to induce a PDA. Interestingly, a normal PDA response is restored in ninaA;arr2 double mutants (Dolph et al 1993) . Because the rhodopsin and arrestin concentrations are both reduced in ninaA;arr2 flies, these data lend strong support to the model that the PDA results from a surplus of metarhodopsin as compared to arrestin.
As is typical of the vertebrate visual pigments, the major Drosophila rhodopsin, Rh1, undergoes light-dependent phosphorylation of several serine and/or threonine residues within the cytoplasmic C-terminal tail (Doza et al 1992 , Vinós et al 1997 . This phosphorylation, which is readily induced by blue light, is rapidly removed upon exposure to orange illumination. However, in contrast to the arrestins, which function in vertebrate vision, binding of the Drosophila arrestins to rhodopsin is not dependent on phosphorylation of the photopigment (Vinós et al 1997) . Furthermore, flies expressing a truncated derivative of Rh1 missing the C-terminal phosphorylation sites, Rh1 356, display normal activation and deactivation kinetics (Vinós et al 1997) . Although these data would suggest that phosphorylation of Rh1 is irrelevant for the photoresponse, additional analyses described below indicate a role for phosphorylation of Rh1 in termination of the photoresponse.
Dephosphorylation of rhodopsin is accomplished by a photoreceptor cell-specific Ca 2+ -dependent phosphatase encoded by the rdgC locus ( Figure 4B ). RDGC has a catalytic domain with homology to types 1, 2A, and 2B serine/threonine phosphatases and five putative Ca 2+ -binding motifs (EF hands) (Steele et al 1992) . Consistent with the conclusion that RDGC is the rhodopsin phosphatase is the finding that significantly less dephosphorylation of rhodopsin occurs in vitro using membranes isolated from rdgC mutants than from wild-type eyes (Byk et al 1993) . Furthermore, rdgC affects phosphorylation of Rh1 in vivo since this major rhodopsin is hyperphosphorylated in rdgC photoreceptor cells (Vinós et al 1997) .
The increased phosphorylation of Rh1 in rdgC flies appears to have consequences on termination since the deactivation rate is severely affected in rdgC flies (Vinós et al 1997) . This phenotype appears to be specifically due to ? VISUAL TRANSDUCTION IN DROSOPHILA hyperphosphorylation of Rh1 because there is no delay in the termination of the photoresponse in rdgC photoreceptors expressing Rh1 356 in place of wild-type Rh1. The slow deactivation in rdgC flies may reflect an adverse effect of hyperphosphorylation on the rhodopsin-arrestin interaction. A curious observation is the lack of phenotype in Rh1 356 flies. To account for this finding, the C terminus of rhodopsin has been proposed to function as an autoinhibitory domain that interferes with arrestin binding (Vinós et al 1997) . According to this model, the C-terminal truncation in Rh1 356 would remove the inhibitory domain and abrogate the need for receptor phosphorylation and dephosphorylation for arrestin binding.
DOWNSTREAM EFFECTORS
There are many examples of signaling proteins that function in multiple G proteincoupled signaling cascades. Therefore, it was difficult to predict whether the effectors that act downstream of rhodopsin would be photoreceptor cell-specific. Nevertheless, the majority of the proteins known to function in Drosophila phototransduction are either highly enriched or expressed solely in photoreceptor cells.
Drosophila Vision Employs a Gq
Both vertebrate and invertebrate metarhodopsins activate a heterotrimeric G protein by promoting the exchange of a bound GDP for GTP and subsequent dissociation of the Gα-GTP subunit from the βγ dimer. The effector for the G protein in Drosophila phototransduction is a PLC-β (see below), and those G proteins that couple seven transmembrane receptors to PLC are generically referred to as Gq. A variety of PLC isoforms have been described in vertebrates, and activation of these enzymes are mediated either by the Gqα and/or βγ (reviewed in Neer 1995) .
Gα and Gβ subunits (referred to as Gqα and Gβe, respectively) have been identified that are highly enriched in the rhabdomeres (Lee et al 1990 , Yarfitz et al 1991 . Transgenic flies that express a dominantly active form of Gqα exhibit alterations in the light response, suggesting that Gqα participates in phototransduction (Lee et al 1994) . Definitive evidence that Gqα functions in activation was provided by a strong loss-of-function mutation in Gqα, which renders the flies nearly insensitive to light (Scott et al 1995) . A mutation that results in a severe reduction in Gβe levels also causes a pronounced decrease in sensitivity, as well as slower response kinetics (Dolph et al 1994) . The diminished sensitivity may be due to a requirement for Gβe for G protein/receptor coupling since light-induced GTP binding is reduced in the strong Gβe allele to an extent commensurate with the loss in sensitivity. A weaker allele of Gβe, which expresses ∼5% of the wild-type level of Gβe, displays nearly normal activation kinetics; however, there is a significant delay in termination. These latter data suggest a model in which Gβe plays a catalytic role in shuttling numerous Gqα subunits to the membrane but is required stoichiometrically for termination of the photoresponse (Dolph et al 1994) . The ? Gγ subunit that functions in phototransduction has not been identified; however, it may be Gγ 1 because this nervous system-enriched protein is the only Gγ isoform currently identified in Drosophila (Ray & Ganguly 1992) .
Drosophila Phototransduction Utilizes the Inositol Phospholipid Signaling System
The effector for the G protein in Drosophila vision is PLC-β. That invertebrate vision employs the inositol phospholipid signaling system was first demonstrated with the introduction of IP 3 into Limulus and Musca photoreceptors, which induced transient depolarizations (reviewed in . In addition, light-induced increases in IP 3 have been detected in a number of invertebrates including flies. Confirmation that PLC is critical for Drosophila phototransduction was obtained by analyses of the norpA locus. Strong alleles of norpA are virtually unresponsive to light (Hotta & Benzer 1970 , Pak et al 1970 and are deficient in a PLC activity present in wild-type fly heads (Inoue et al 1985) . These data, in combination with the findings that norpA encodes an eye-enriched PLC-β demonstrate the critical role for PLC in the visual response (Bloomquist et al 1988) .
Following activation of PLC and hydrolysis of PIP 2 to yield IP 3 and DAG, the PIP 2 is regenerated through a multistep cycle that begins with the phosphorylation of DAG by DAG kinase. The product of this phosphorylation, phosphatidic acid, is then converted to CDP-DAG by action of the enzyme, CDP-DAG synthase (CDS). PIP 2 is finally regenerated after several additional enzymatic steps. Eye-specific forms of DAG-kinase (Masai et al 1993) and CDS (Wu et al 1995) have been identified, and mutations in the DAG-kinase, encoded by the rdgA locus, result in retinal degeneration (Hotta & Benzer 1970 , Matsumoto et al 1988 . Loss-offunction alleles of cds have also been isolated and shown to display decreased sensitivity (Wu et al 1995) . Decreased CDS activity also results in an inability to sustain a light-activated current as a consequence of depletion of PIP 2 . Transgenic flies that express a four-to fivefold higher level of CDS than wild-type flies display a significant increase in the amplitude of the photoresponse (Wu et al 1995) . Thus it appears that the levels of CDS in wild-type flies limit the gain of the photoresponse.
LIGHT-DEPENDENT CATION INFLUX
Models By which PLC Activation Leads to Light-Dependent Cation Influx
The preceding data demonstrate a central role for the inositol phospholipid signaling system in Drosophila vision. However, the mechanism by which PLC activation leads to the light-induced Na + and Ca 2+ influx remains highly controversial. According to one model, which is based in part on studies in a variety of (Arnon et al 1997a,b; Cook & Minke 1999) . Additional evidence that the intracellular Ca 2+ stores function in phototransduction is that an integral membrane phosphatidylinositol transfer protein (RDGB; Vihtelic et al 1991 Vihtelic et al , 1993 , which is required for phototransduction (Harris & Stark 1977) , is situated in the presumed intracellular Ca 2+ stores (the subrhabdomeric cisternae; Walz 1982 , MatsumotoSuzuki et al 1989 , rather than within the rhabdomeres (Vihtelic et al 1993 , Suzuki & Hirosawa 1994 . The specific role of the rdgB locus in phototransduction is not known; however, rdgB mutant flies are unresponsive to light for several minutes after exposure to a pulse of bright light . Nevertheless, an argument against a role for SOCE is that a mutation in the IP 3 R has no impact on phototransduction (Acharya et al 1997) . However, it is possible that there are additional IP 3 R genes, one of which functions in phototransduction.
An alternative possibility is that the light-dependent cation conductance is not activated through IP 3 and SOCE but by depletion of PIP 2 or by the production of DAG (or a DAG metabolite). The rapid millisecond activation of the lightdependent cation channels is difficult to reconcile with the observation that the Ca 2+ stores are located in the cell bodies (reviewed in Walz & Baumann 1995) , while all the known phototransduction proteins (with the exception of RDGB) are located in the rhabdomeres, a physical separation of up to 1.5 µm. Thus if fly vision was activated exclusively through SOCE, then activation would be delayed by a requirement for the IP 3 to diffuse to the cell bodies and for the transfer of a second signal back to the rhabdomeres after Ca 2+ release. Therefore, it is plausible that the cation influx is activated by a more direct mechanism independent of the stores. In support of such a proposal is the recent finding that polyunsaturated fatty acid metabolites of DAG are capable of activating an inward cation conductance ? in voltage-clamped photoreceptor cells (Chyb et al 1999) . However, several fatty acids display similar potencies, thereby raising concerns about whether the effect may be specific.
Although PLC clearly has a role in phototransduction, a modulatory role for cGMP in excitation cannot be excluded. In the Limulus, phosphoinositide hydrolysis is also critical for the light response, yet introduction of cGMP into certain regions of the rhabdomeral lobe of the ventral photoreceptors or to excised membrane patches induces cation conductances with properties similar to those elicited by light (reviewed in O'Day et al 1997). cGMP may also participate in Drosophila phototransduction since application of 8-Br-cGMP to voltage-clamped photoreceptor cells enhances the response to light (Bacigalupo et al 1995) . Additionally, a cGMP-gated ion channel (Baumann et al 1994) and the β-subunit of a soluble guanylate cyclase (Yoshikawa et al 1993 , Shah & Hyde 1995 are expressed in the Drosophila retina. It has been proposed that the concentration of cGMP is regulated by elevations in Ca 2+ levels resulting from phosphoinositide hydrolysis (reviewed in O'Day et al 1997). Increases in intracellular Ca 2+ could modulate the activities of either guanylate cyclase (which catalyzes the synthesis of cGMP) and/or a cGMP-phosphodiesterase (which promotes the degradation of cGMP). However, genetic evidence in support of a role for cGMP is currently lacking.
TRP and TRPL Are Light-Responsive Ion Channels
One of the ion channels responsible for the light-induced Na + and Ca 2+ influx in Drosophila photoreceptor cells is TRP. trp mutants were originally identified on the basis of appearing blind in a behavioral assay, the optomotor test in which wild-type flies orient to visual cues (Cosens & Manning 1969) . In addition, trp flies display an ERG phenotype (Figure 2A ). Upon exposure to light, the trp ERG is initially indistinguishable from wild-type. However, the response quickly decays to baseline during continuous bright illumination. An early indication that trp flies have a defect in Ca 2+ homeostasis is the finding that the movement of the pigment granules, which is a Ca 2+ -dependent phenomenon, is transient in trp photoreceptor cells (Lo & Pak 1981) . A breakthrough in understanding the mechanism underlying the trp mutant phenotype is the demonstration that trp photoreceptors held under voltage clamp display a 10-fold decrease in Ca 2+ permeability relative to wild-type (Hardie & Minke 1992). These conclusions are further supported by subsequent studies using Ca 2+ -sensitive electrodes and fluorescent Ca 2+ indicators (Peretz et al 1994a,b) .
The defect in Ca 2+ entry in trp mutant flies suggests that the trp locus either encodes the major light-dependent ion channel or is a regulator required for the activity of the channel(s). An indication that TRP is a Ca 2+ influx channel was obtained from examination of the predicted topology of the protein. As is typical of many members of the superfamily of voltage-gated and second messengergated ion channels, TRP appears to contain multiple transmembrane domains ? VISUAL TRANSDUCTION IN DROSOPHILA (most likely six) ( Figure 4C ) (Montell & Rubin 1989 , Wong et al 1989 . In a screen for retinal calmodulin-binding proteins, a second candidate ion channel was identified (TRPL) which was >50% identical to TRP over the N-terminal 700 residues (Phillips et al 1992) . Both TRP and TRPL are highly enriched in the rhabdomeres, contain four ankyrin repeats near the N termini, and display weak homology to voltage-gated ion channels in the transmembrane segments (Montell & Rubin 1989 , Phillips et al 1992 , Niemeyer et al 1996 , Chevesich et al 1997 . However, neither TRP nor TRPL contain the charged residues in the fourth transmembrane segment which are thought to contribute to the voltage sensor of voltage-gated ion channels (Stühmer et al 1989) . Thus if TRP and TRPL are ion channels, they would not be predicted to be voltage gated. An indication that TRPL also contributes to the light-dependent cation influx is that trpl photoreceptor cells exhibit changes in the relative permeabilities to various cations (Reuss et al 1997) . Furthermore, trpl;trp double mutants are completely unresponsive to light (Niemeyer et al 1996 , Reuss et al 1997 .
To address whether TRP and TRPL are ion channels, several laboratories functionally expressed these proteins in vitro (Hu et al 1994a , Vaca et al 1994 , Harteneck et al 1995 , Peterson et al 1995 , Lan et al 1996 , Kunze et al 1997 , Obukhov et al 1998 . Evidence for TRP as an ion channel is that after expression of the protein in Sf9 or 293T cells, there is marked increase in cation influx upon addition of thapsigargin, a drug that induces Ca 2+ release from the internal stores (Vaca et al 1994 . These data indicate that TRP is a store-operated channel, at least in vitro. However, TRP and TRPL can also be activated in vitro with any of several polyunsaturated fatty acids (Chyb et al 1999) . Thus it has been proposed that fatty acids such as linolenic acid may be a second messenger in Drosophila phototransduction (Chyb et al 1999) .
A number of the properties of the in vitro TRP-dependent conductance (Vaca et al 1994 are akin to those detected in vivo (Hardie & Minke 1992 , Niemeyer et al 1996 , Reuss et al 1997 . These include similarities in the relative Na + to Ca 2+ permeabilities in vitro (∼10:1) and in vivo (∼25:40:1), Ca 2+ -mediated inactivation and inhibition by La 3+ and Mg
2+
. However, the TRP conductance generated in vitro does not show as strong an outward rectification as the lightactivated current. In contrast to TRP, in vitro expression of TRPL typically results in a constitutive nonselective cation conductance (Hu et al 1994b . The TRPL conductance is also relatively insensitive to La 3+ and is characterized by an outward rectification (Hu et al 1994b , Hardie et al 1997 , Kunze et al 1997 , Obukhov et al 1998 similar to the conductance in photoreceptor cells (Hardie & Minke 1992 , Niemeyer et al 1996 , Hardie et al 1997 , Reuss et al 1997 .
TRP and TRPL Form Heteromultimeric Channels
The finding that TRP is a regulated channel but that TRPL is constitutively active when expressed in non-Drosophila cells raises the possibility that this lack ? of regulation is due to a requirement by TRPL for interaction with another component that is present in photoreceptor cells but absent in the heterologous systems. Since many ion channels form heteromultimers, it is plausible that TRPL forms obligatory heteromultimers with TRP for store-operated activity. Consistent with this proposal, not only do TRPL and TRP interact directly in several in vitro assays, but TRPL binds fourfold more readily to TRP than to itself . Additional evidence that TRPL interacts with TRP is that a dominant negative form of TRP suppresses the constitutive activity of TRPL in vitro . Coexpression of TRP and TRPL results in a storeoperated conductance with features distinct from the currents elicited by expression of the individual channels. In Xenopus oocytes, coexpression of both channels produces a store-operated Mg 2+ conductance that is not observed upon expression of the individual channels (Gillo et al 1996) . Introduction of TRP and TRPL into 293T cells also results in a store-operated conductance, that displays some of the properties of TRP and others more typical of TRPL . As is the case for the light-activated conductance, coexpression of TRP/TRPL results in a current that is outwardly rectifying, is more selective for Ca 2+ than Na + (P Ca · P Na is ∼11.5), and is inhibited by Ca 2+ and Mg 2+ .
Wild-type flies most likely express TRP homomultimers and TRP/TRPL heteromultimers but not TRPL homomultimers because TRPL preferentially binds to TRP and TRP is at least 10-fold more abundant than TRPL in photoreceptor cells . In addition TRPL homomultimers expressed in vitro are typically constitutively active, whereas TRP/TRPL homomultimers generate a regulated conductance. However, the constitutive activity of TRPL homomultimers in vitro raises a vexing question concerning the mechanism regulating TRPL in trp mutant flies. In addition to TRP and TRPL, a third related TRP family member (TRPγ ) may be expressed in photoreceptor cells and form regulated TRPL/TRPγ heteromultimers.
Despite the above evidence that TRP and TRPL interact and generate a distinct conductance in vitro, it has been argued that TRP and TRPL do not heteromultimerize but are present exclusively as separate channels in vivo (Reuss et al 1997 , Scott & Zuker 1998a ). This contention is based in part on the assumption that the two currently identified light-sensitive ion channels, TRP and TRPL, represent the only TRP family members expressed in the retina. If this were true, then analyses of the trp and trpl mutant flies would permit characterization of the individual TRPL and TRP channels in isolation. Since the sum of the remaining currents in the trp and trpl mutant backgrounds approximates the wild-type light-activated conductance, it was concluded that TRP and TRPL do not heteromultimerize (Reuss et al 1997) . However, such a conclusion does not account for the constitutive activation of TRPL homomultimers in vitro. Thus it is possible that the light-activated conductance consists of at least three types of channels: TRP homomultimers, TRP/TRPL heteromultimers, and TRPL/TRPγ heteromultimers. 
/Calmodulin Dependent
Following activation of G protein-coupled cascades, the system must be reset to achieve an appropriate response to subsequent extracellular signals. The process of terminating a response, referred to as deactivation, is essential to prevent an excessive response to a single stimulus and to permit responses of normal duration to repeated signals. Efficient termination is of particular importance in those systems, such as phototransduction, in which the signals are presented with great rapidity and frequency. Consequently, deactivation of the Drosophila visual response is quite rapid and occurs within ∼100 ms of cessation of the light stimulus.
Deactivation of the Drosophila phototransduction cascade occurs at multiple steps, suggesting that a central signal exists that controls many inactivation steps in parallel. A body of evidence indicates that Ca 2+ is the critical signal regulating termination. While release of caged Ca 2+ during the rising phase of the light response induces an increase in current, consistent with a role for Ca 2+ in activation, release of caged Ca 2+ during the plateau phase of the light response results in a rapid termination of the current (Hardie 1995). Ca 2+ may be a global mediator of termination because it appears to attenuate the activities of rhodopsin, its effectors, and the TRP and TRPL ion channels. Ca 2+ enhances the dephosphorylation of rhodopsin by RDGC (Byk et al 1993 , Vinós et al 1997 , and Arr2 is phosphorylated by calmodulin-dependent protein kinase II (Byk et al 1993 , Kahn & Matsumoto 1997 . However, the physiological consequences of this latter modification are not known. In addition, the activity of the PLC encoded by the norpA locus is diminished by increases in Ca 2+ concentration (Inoue et al 1988) . The activities of TRP and TRPL also appear to be negatively regulated by Ca 2+ in vitro and in vivo. In fact, there is evidence that Ca 2+ -mediated inactivation of TRPL may account for the transient light response in trp mutant photoreceptor cells . Alternatively, the trp phenotype may be due to shortage of intracellular Ca 2+ , which in turn impairs Ca 2+ release and results in transient rather than sustained activation of TRPL (Cook & Minke 1999) .
The phosphatidylinositol transfer protein, encoded by the rdgB locus (Hotta & Benzer 1970 , Vihtelic et al 1991 ) is also required for termination of the photoreceptor response . The PI transfer activity might be regulated by Ca 2+ because RDGB contains a Ca
2+
-binding site adjacent to the transfer domain (Vihtelic et al 1993) . However, the Ca 2+ -binding site appears to be dispensible since a truncated derivative of RDGB containing only the PI transfer domain fully restores wild-type function in rdgB flies . Nevertheless, it is possible that the activity of RDGB is regulated indirectly by Ca 2+ through protein phosphorylation.
?
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One of the protein kinases through which Ca 2+ functions in negative feedback regulation is Ca 2+ -dependent protein kinase C (PKC). There are at least two PKC isoforms expressed in the Drosophila retina, PKC-1 and ePKC, the latter of which is predominantly if not exclusively expressed in photoreceptor cells (Schaeffer et al 1989) . ePKC is encoded by inaC (Smith et al 1991) , a locus originally identified on the basis of lacking a PDA (Pak 1979) . Mutations in inaC result in profound defects in deactivation , Hardie et al 1993 . Furthermore, ePKC is also required for another type of Ca 2+ -mediated feedback regulation, referred to as adaptation, in which photoreceptor cells adjust their sensitivities over a wide range of light intensities (Hardie et al 1993) .
A prime mediator of both termination and adaptation is calmodulin. Calmodulin is a dumbbell-shaped protein with four Ca 2+ -binding sites. Binding of Ca 2+ with calmodulin causes a conformation change, which in turn modulates the function of other associated proteins. Calmodulin is highly concentrated in the rhabdomeres where its levels are estimated to be ∼0.5 mM ( Figure 5 ) . Reductions in the levels of rhabdomeral calmodulin in the ninaC mutant (see below) result in defects in termination of the photoresponse, as well as reduced adaptation (Porter et al , 1995 . Subsequent evidence to support a role for calmodulin in termination was obtained through analyses of a hypomorphic allele of the calmodulin locus (cam) that expresses ∼10% the wild-type levels of calmodulin .
Figure 5
Distribution of calmodulin in the rhabdomeres is dependent on NINAC p174. Indirect immunofluorescent localization of calmodulin in cross-sections of ommatidia from wild-type and transgenic flies expressing only the cell body-specific isoform of NINAC, p132 (ninaC 174 ). In wild-type photoreceptor cells, calmodulin is concentrated in the rhabdomeres (rh) and present at lower levels in the cell bodies (cb). However, in ninaC 174 flies, which do not express the rhabdomere-specific p174, most of the calmodulin is detected in the cell bodies. The extracellular central matrix (c) is also indicated. The immunofluorescence was performed in a white-eyed background because the red pigment produces autofluorescence.
? VISUAL TRANSDUCTION IN DROSOPHILA
Major Retinal Target for Ca 2+ /Calmodulin Is NINAC (Myosin III)
A minimum of 13 proteins expressed in the Drosophila retina bind directly to calmodulin. These include at least two calmodulin-dependent protein kinases (I and II; Xu et al 1998b), a calmodulin-dependent protein phosphatase (calcineurin; Xu et al 1998b) , both light-dependent ion channels (TRP and TRPL; Phillips et al 1992 , Chevesich et al 1997 Xu et al 1998b) , a Ras-related protein (RIC; Wes et al 1996) , a protein with similarity to a Rab GTPase-activating protein (Xu et al 1998b) , and the PDZ-containing protein INAD (see below ; Xu et al 1998a) . However, the major calmodulin-binding proteins are encoded by the ninaC locus .
Each of the two NINAC proteins, p132 and p174 ( Figure 4D ), consists of a serine/threonine kinase domain joined to a domain homologous to the head region of the myosin heavy chain (Montell & Rubin 1988) . NINAC p132 and p174 differ only in their C-terminal tails and are expressed in nonoverlapping regions of the photoreceptor cells. p174 is expressed specifically in the rhabdomeres whereas p132 is detected exclusively in the cell bodies (Porter et al 1992) . Mutations in ninaC (Stephenson et al 1983 , Matsumoto et al 1987 result in defects in both adaptation and termination of the photoresponse (Porter et al 1992 Hofstee et al 1996; Arnon et al 1997a) . These functions are unique to p174 since elimination of p174, but not p132, causes similar impairments in termination and adaptation (Porter et al 1992) . Recently, it was found that p174 is a substrate for PKC and that mutation of either of the two sites in the p174 tail results in an unusual phenotype not previously observed among other mutants . After cessation of the light stimulus, there is an oscillation in the termination of the photoresponse. The initial termination is short lived and is followed by one or two transient depolarizations of decreasing amplitude. This ERG phenotype, which resembles a dampened oscillation, suggests that an active mechanism involving NINAC may be required for stable termination of the photoresponse .
The observation that NINAC p132 and p174 are the major calmodulin-binding proteins in the retina and are putative molecular motors raises the possibility that calmodulin may be a molecular cargo. Consistent with this is the proposal, that NINAC proteins are required for the proper subcellular localization and stability of calmodulin. Elimination of both NINAC proteins results in ∼two-to threefold decrease in the overall calmodulin levels in the fly head . In wild-type flies, calmodulin is concentrated in the rhabdomeres and present at lower levels in the cell bodies ( Figure 5 ). However, in transgenic flies that express only p132 (ninaC 174 ) ( Figure 5 ) or p174, nearly all the retinal calmodulin is found in the cell bodies or rhabdomeres, respectively . p174 contains two calmodulin-binding sites that map to two IQ motifs (a type of calmodulin-binding sequence that conforms to the consensus IQxxxRGxxxR; x stands for any amino ? acid) (Cheney & Mooseker 1992 , Rhoads & Friedburg 1997 located near the myosin head/tail junction. Mutation of either one or both calmodulin-binding sites adversely affects termination and adaptation. In particular, a PDA can be elicited at lower light intensities than that needed to induce a PDA in wild-type (Porter et al 1995) . These data provided the first evidence for a role for calmodulin in both adaptation and termination of the photoresponse.
In addition to regulating NINAC, calmodulin mediates deactivation of the photoresponse through interactions with several additional proteins. Both TRP (Chevesich et al 1997) and TRPL (Phillips et al 1992) bind calmodulin, and interaction of calmodulin with either of the two binding sites in TRPL (Warr & Kelly 1996) contributes to inactivation of the channel in vivo .
Calmodulin also appears to function in inactivation of rhodopsin. Because Arr2 is phosphorylated by a calmodulin-dependent protein kinase and this phosphorylation is inhibited in a hypomorphic allele of the calmodulin locus, it is plausible that calmodulin functions in receptor inactivation through Arr2 . Evidence further indicates that Ca 2+ /calmodulin mediates light adaptation in part through regulation of the ryanodine-sensitive Ca 2+ stores (Arnon et al 1997a) . Thus negative feedback regulation by Ca 2+ /calmodulin appears to occur at multiple steps in phototransduction.
THE SIGNALPLEX
Organization of the Phototransduction Cascade into a Signalplex
The light-dependent influx of Ca 2+ is highly transient and spatially localized to small regions within the rhabdomeres (Ranganathan et al 1994) . The restriction of the Ca 2+ influx to microdomains raises questions concerning the mechanisms by which other signaling proteins, such as the rhodopsin and PLC, undergo negative feedback regulation by Ca 2+ . A problem would occur if the upstream signaling proteins were spatially separated from the ion channels. However, recent findings indicate that most of the proteins that function in Drosophila phototransduction are coupled into a supramolecular signaling complex, signalplex (reviewed in Montell 1998), which has also has been referred to as a transducisome (Tsunoda et al 1997) . The discovery of the signalplex also has implications concerning the mechanisms underlying the rapid activation of the phototransduction cascade.
The pivotal protein in the signalplex is INAD, a protein with five protein interaction modules referred to as PDZ domains ( Figure 6A ) (Shieh & Niemeyer 1995 , Huber et al 1996b , Saras & Heldin 1996 . The ∼90-100 amino acid PDZ motifs, named for the three proteins originally recognized to contain these sequences (PSD-95, DLG, and ZO-1), contain a hydrophobic pocket that was originally reported to associate with a S/T-x-V motif (x stands for any amino acid) at the C terminus of target proteins (reviewed in Fanning & Anderson 1996, Kornau et al 1997, Sheng & Wyszynski 1997) . Subsequent studies with a variety of PDZ domains have demonstrated that other C-terminal sequences can also bind to the hydrophobic pocket, although there is a strong preference for aromatic and hydrophobic residues (Songyang et al 1997 , Stricker et al 1997 .
A minimum of seven proteins bind directly to INAD. These include Rh1 (Xu et al 1998a) , PLC (Huber et al 1996a , Chevesich et al 1997 , PKC (Huber et al 1996b, Adamski et al 1998 , Xu et al 1998a , NINAC (Wes et al 1999) , calmodulin (Xu et al 1998a) , and both light-sensitive ion channels, TRP (Huber et al 1996a, Shieh & Zhu 1996) and TRPL (Xu et al 1998a) . Mutations in INAD disrupt the rhabdomere-specific localization of TRP ( Figure 6B ), PLC, and PKC, while the spatial distributions of the remaining INAD-binding proteins are not influenced by the presence of absence of INAD (Chevesich et al 1997 , Shieh et al 1997 , Tsunoda ? et al 1997 , van Huizen et al 1998 . Consistent with target protein interactions with other PDZ-containing proteins, at least two of the INAD binding proteins, PKC (Adamski et al 1998 , Xu et al 1998a and NINAC (Wes et al 1999) , interact with INAD through a binding site at the C terminus. However, there is evidence that TRP associates with INAD via an internal sequence (Shieh & Zhu 1996) . Moreover, it appears that NORPA contains two INAD binding sites, one is at the C terminus (Shieh et al 1997 , van Huizen et al 1998 and a second is internal (van Huizen et al 1998) .
All the INAD-binding proteins may be complexed into a single unit despite the observation that there exist more interacting proteins (≥7) than PDZ domains (5). Calmodulin binds to the linker region between PDZ1 and PDZ2 (Xu et al 1998a) ; however, the remaining six INAD target proteins associate with PDZ domains (Shieh & Zhu 1996 , Shieh et al 1997 , Tsunoda et al 1997 , Adamski et al 1998 , van Huizen et al 1998 , Xu et al 1998a . Moreover, some of the target proteins can interact with two PDZ modules and, in some cases, more than a single target protein binds to the same PDZ domain (van Huizen et al 1998 , Xu et al 1998a . Thus it appears that a single INAD monomer could lack the capacity to nucleate the entire complement of target proteins. However, it seems that most, if not all, of the interacting proteins are complexed into a single unit since Rh1 and PLC coimmunoprecipitate with TRP from wild-type but not inaD mutant photoreceptor cells (Chevesich et al 1997) .
It appears that the potential of INAD to bring together the full battery of target proteins is increased by homomultimerization. INAD self-assembles in vitro to form oligomers with a subunit composition of ≥8 (Xu et al 1998a) . The multimerization is mediated through both homo-and heterophilic interactions between PDZ3 and PDZ4. Both homomultimerization and target binding can occur simultaneously, suggesting that they are mediated through distinct interaction interfaces (Xu et al 1998a) . Although INAD is capable of homomultimerization in vitro, selfassembly has not yet been demonstrated in vivo. As NINAC is an actin-binding protein (Hicks et al 1996) , it is possible that the actin filaments traversing the full length of the rhabdomeres indirectly associate (at least transiently) with signalplex. Thus the signalplex is a massive supramolecular complex that may include most of the components in the rhabdomeres (Figure 7) . The critical question concerns the function(s) of such a macromolecular assembly.
Functions of the Signalplex
A growing body of evidence indicates that one function of the INAD signalplex is to promote termination of the photoresponse. Alterations in INAD that disrupt interactions with TRP or PLC result in defects in deactivation (Shieh & Zhu 1996 , Tsunoda et al 1997 . Likewise, mutations in PLC (Shieh et al 1997) or PKC (Adamski et al 1998) that adversely affect association with INAD also have a negative impact on termination. In each of these cases, the perturbation in termination is correlated with a gross mislocalization of an INAD-binding protein. (CaM) . With the exception of CaM, which binds to the linker region between PDZ1 and PDZ2, the remaining INAD targets bind to one or more PDZ domains. Because NINAC is an actin-binding protein, the actin-based cytoskeleton may be indirectly coupled to the signalplex. experiments do not discern whether the delayed deactivation phenotypes are due to a specific requirement for the INAD/target protein interactions or simply due to the profound changes in the spatial distributions of the signaling proteins. However, a C-terminal mutation in NINAC p174 that disrupts binding to INAD does not affect the spatial distribution of p174 but does result in a delay in termination (Wes et al 1999) . Thus it appears that INAD/target protein interactions serve a specific role in termination rather than simply retaining signaling proteins in the rhabdomeres. As discussed above, deactivation is a Ca 2+ -dependent phenomenon, and the TRP and TRP/TRPL-dependent Ca 2+ influx is transient and highly localized. Thus INAD may facilitate termination by juxtaposing multiple signaling proteins near the mouth of the channels where they may be negatively regulated by the light-dependent Ca 2+ influx. The Ca 2+ -dependent negative feedback regulation in the signaplex could be rapidly promoted through Ca 2+ /calmodulin because INAD, as well as multiple INAD-associated proteins (NINAC, TRP and TRPL), bind calmodulin. Moreover, as discussed above, the interaction of calmodulin with NINAC and TRPL is essential for termination. However, an additional mechanism underlying the requirement for the signalplex during deactivation may involve phosphorylation by PKC. ePKC binds directly to INAD and at least three components in the signalplex (INAD, TRP, and NINAC) appear to be substrates for PKC (Huber et al 1996b (Huber et al , 1998 Li et al 1998) , each of which appears to function in Ca 2+ -mediated feedback regulation.
?
A second apparent function of the signalplex is to facilitate rapid activation of phototransduction. Null mutations in inaD result in a dramatic increase in the latency between the exposure to the light stimulus and the photoresponse (Tsunoda et al 1997) . Furthermore, mutations that interfere with the INAD/PLC interaction also result in significantly larger latencies than wild-type (Shieh et al 1997 , Scott & Zuker 1998b ). The signalplex may contribute to rapid activation by circumventing the kinetic limitations that would be imposed by a dependence upon stochastic collisions between activated molecules and downstream effectors.
It is possible that a third function of the signalplex is in amplification of the phototransduction cascade. Activation of a single rhodopsin molecule by a photon of light results in the opening of many ion channels. The cation influx that results from activation by a photon gives rise to a quantum bump, which represents the elementary unit that sums to generate a typical light response. Evidence that the signalplex is necessary for amplification is that the amplitude of the bumps is severely reduced in null inaD flies (Scott & Zuker 1998b) .
In contrast to vertebrate phototransduction, amplification during Drosophila phototransduction does not appear to occur during the early steps of the cascade. An indication that amplification occurs subsequent to the activation of the PLC is that dramatic reductions in the concentrations of the Gqα or the PLC, which function in phototransduction, have only minor impacts on the amplitude of the bumps (Scott & Zuker 1998b) . In view of the findings that INAD forms homo-oligomers in vitro (Xu et al 1998a) , it is quite possible that INAD also homomultimerizes in vivo. If so, then a single signalplex would indirectly link many TRP and TRP/TRPL ion channels with a single, activated rhodopsin. Amplification of the cascade might be mediated by activation of many ion channels through protein/protein interactions within the signalplex. An intriguing possibility is that the amplitude of the quantum bumps may be defined by the extent of the INAD homomultimer, which in turn dictates the population of the associated ion channels.
PERSPECTIVE
The molecular genetic analyses of Drosophila phototransduction has led to the discovery of the founding members of many previously unrecognized classes of proteins critical for signaling. A particularly exciting outgrowth of this work are recent findings of vertebrate homologs corresponding to each of these pioneer proteins. These include a family of vertebrate TRP channels (TRPC proteins) (Peterson et al 1995; Wes et al 1995; Zhu et al 1995 Zhu et al , 1996 , homologs of CDS (Halford et al 1998) and retinal-specific homologs of NINAA (Ferreira et al 1996) , NINAC (D Hillman, A Dose & B Burnside, personal communication), RDGC (Sherman et al 1997 , Huang & Honkanen 1998 , and RDGB (Aikawa et al 1997 , Chang et al 1997 , Guo & Yu 1997 . Furthermore, mammalian RDGB appears to be an ortholog because it can fully rescue the retinal degeneration that results from loss of Drosophila RDGB (Chang et al 1997) . Finally, a ? VISUAL TRANSDUCTION IN DROSOPHILA human protein related to INAD has been described (hINAD; Philipp & Flockerzi 1997) .
While it remains to be seen if hINAD nucleates a complex of signaling proteins related to those in the Drosophila signalplex, it is clear that there are macromolecular assemblies in vertebrate cells that consist of a variety of signaling and cytoskeletal proteins (reviewed in Pawson & Scott 1997) . In many cases these complexes are also coordinated by interactions with PDZ-containing proteins, which include large networks of proteins at post-synaptic densities and at epithelial junctions (Kim 1997 , Ponting et al 1997 , Craven & Bredt 1998 , Fanning & Anderson 1999 . Furthermore, there is a growing body of evidence to suggest that G protein-coupled cascades in vertebrates may also be assembled into signaling complexes (Nakamura & Rodbell 1990 ) (reviewed in Neer 1995 , Hamm 1998 . Among those mammalian G protein-coupled cascades that lead to rapid and transient rises in Ca 2+ influx, it seems likely that the receptors, ion channels, and other signaling proteins will be coordinated by PDZ-containing proteins and other scaffold proteins, as is the case in Drosophila vision. Such complexes in vertebrates may also facilitate activation, deactivation, and signal amplification. It is also possible that compartmentalization of cascades contributes specificity in signaling by preventing unintended cross-talk between activated molecules and downstream effectors.
ACKNOWLEDGMENT
Work in the author's laboratory is supported by the National Eye Institute. 
Visit the Annual
